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CHAPTER 1

INTRODUCTION

Discriminating between tornadic and nontornadic supercells remains a difficult challenge for forecasters due to similar resemblance in structure and processes
(Trapp 1999). The majority of tornadoes are produced from nonsupercellular convection, however strong tornadoes and impactful severe weather phenomena are often
associated with supercell thunderstorms due to structure and longevity of convection that they possess (Lemon and Doswell 1979; Brandes 1993; Doswell and Burgess
1993; Moller et al. 1994). Although supercells are severe weather producers, only 26%
of storms with a radar detected mesocyclone are associated with tornadoes (Brooks
et al. 1994; Trapp et al. 2005). The development of more nowcasting techniques will
increase the confidence of a forecaster to determine if a supercell will become tornadic
or produce severe weather in order to reduce weather threats for public safety.
Tornadogenesis processes were first intensively examined during the Verification of the Origins of Rotation in Tornadoes EXperiment (VORTEX) field project in
1994 (Rasmussen et al. 1994; Shabbott and Markowski 2006). A second field project,
known as VORTEX2, was conducted to understand tornadic potential in storms and
to improve tornado warning lead times (Elston et al. 2011; Wurman et al. 2012;
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Kosiba et al. 2013). Both of these field projects studied tornadoes occurring in the
Great Plains, or Tornado Alley. While tornado threats remain an issue in the Great
Plains, an increase in tornado activity has been occurring over several decades in the
southeastern part of the United States as climatological models predict increases of
instability and weaker shear environments (Agee et al. 2016). To combat this increasing tornado threat, National Oceanic and Atmospheric Administration (NOAA)
National Severe Storms Laboratory (NSSL) funded a recent field campaign in the
spring of 2016, Verification of the Origins of Rotation in Tornadoes EXperimentSoutheast (VORTEX-SE), specifically studying tornadogenesis in northern Alabama.
Supported research of the 2016 VORTEX-SE field campaign included improving severe weather forecasting models, observing and modeling environments favorable of
producing tornadic storms, analyzing topography influences on severe weather processes, and understanding societal impacts that can improve forecasts and warning
of severe storms to the public. Two VORTEX-SE research priorities were addressed
during this study. The first research objective was to understand the connection
between internal storm dynamics and lightning signatures. This includes examining
storm processes to rapid increases and decreases in lightning trends. The second research objective examined the role of downdraft forcing and microphysical processes
on tornadogenesis in the southeastern United States. This study incorporates lightning and radar information to improve the understanding of physical processes in
supercells related to tornado and severe weather production. The northern Alabama
domain provides the ability to examine lightning, kinematic, and microphysical rela-
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tionships from the combination of a lightning mapping array and dual-polarimetric
radar coverage.
The utility of intra-cloud (IC) and cloud-to-ground (CG), or total lightning,
has been proven to be a beneficial nowcasting technique for severe weather. Total
lightning trends often rapidly increase, termed a lightning jump, prior to the onset
of a severe weather event (Williams et al. 1999; Schultz et al. 2009). While multiple
studies provide insight to the presence of a lightning jump, limited research has examined rapid decreases in lightning during the lifespan of a supercell. Few studies
have noted the presence of rapid lightning rate decreases in supercells and suggested
the storm has become downdraft dominated (Sharp 2005; Steiger et al. 2007). However, research is lacking to validate these theories. Updraft intensity can be inferred
from rapid increases in lightning (Schultz et al. 2015; 2017), it is hypothesized that
a decrease in lightning will correlate to enhancements in storm downdraft intensity
or a decrease in updraft magnitude or both. The knowledge of downdraft intensification may enhance the awareness of a forecaster for the potential production of severe
weather, as downdraft formation has been presumed to influence severe weather processes. Downdrafts can influence tornadogenesis processes through the transport of
vertical vorticity closer to the surface, as well as produce damaging straight-line winds
from precipitation loading and evaporative cooling (Knupp and Cotton 1985; Shapiro
and Markowski 1999).
Other studies have utilized dual-polarization radar trends to identify severe
weather threats in supercells. Nontornadic supercell hook echoes in the Great Plains
have been found to possess larger median bulk hydrometeor sizes than tornadic su3

percells (Kumjian and Ryzhkov 2008a; French et al. 2015). It has been suggested that
nontornadic supercells experience greater rates of evaporation in the rear-flank downdraft, thus depleting smaller drops first and leaving the presence of larger drops in
the hook echo (Markowski et al. 2002; Kumjian and Ryzhkov 2008a). Negative buoyancy in the storm enhances as stronger evaporative cooling rates occur. Therefore,
it is hypothesized that dual-polarization hook echo information can be used to approximate vertical motion magnitudes, specifically rear-flank downdraft intensity, as well
as distinguishing tornadic and nontornadic supercell potential. Stronger rear-flank
downdraft velocities have been suggested to be a source of tornadogenesis failure
by undercutting and disrupting the low-level updraft, eventually leading to storm
decay (Lemon and Doswell 1979). Observing relationships between rear-flank downdraft magnitudes and microphysics in a supercell hook echo may improve the ability
to discriminate between potential tornadic storms and relate processes favorable of
producing tornadoes.
The results from this research are intended to provide an understanding of
physical processes occurring in tornadic and nontornadic supercells by analyzing total
lightning trends, kinematic motions, and microphysical signatures. The overall goal
of this study is to distinguish the di↵erence in physical based processes of tornadic
and nontornadic supercells with a small sample of supercells evolving during the
2016 VORTEX-SE field campaign. This will improve the understanding of physical
processes inferred from lightning and dual-polarization radar information that can
later be used in improve forecaster situational awareness.
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The following chapter provides details on supercell characteristics, the role of
downdrafts, properties of hook echoes, total lightning implications, and the lightning jump. Radar and lightning data are described in the next chapter, as well as
methodology for hook echo analysis, dual-Doppler retrieval, and rapid decreases in
lightning. Chapter 4 presents the results between lightning, kinematic, and microphysical properties and processes from each case study and overall trends observed.
The final chapter presents conclusions from this study and suggested future work.
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CHAPTER 2

BACKGROUND

This chapter reviews prior research on identifying nowcasting signatures of a
strengthening supercell likely to produce severe weather through dual-polarization
radar and lightning trends. Section 2.1 discusses features, processes, and environments that are conducive to supercell formation. Section 2.2 outlines total lightning
trends related to supercell processes and the application of the lightning jump algorithm.

2.1

Supercell Formation
A large, long-lived, quasi-steady rotating storm, responsible for a substantial

portion of severe weather reports, is referred to as a supercell (Lemon and Doswell
1979; Brandes 1993; Doswell and Burgess 1993; Moller et al. 1994). Primary characteristics of a supercell are a rotating updraft, forward-flank downdraft (FFD), and
rear-flank downdraft (RFD; Figure 2.1). The formation of each characteristic and the
role it has in supercell processes will be briefly reviewed.
The primary method for rotating updraft, or mesocyclone, formation begins
with low-level environmental wind shear in the vertical producing horizontal vorticity
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Figure 2.1: Adapted figure from Markowski and Richardson (2010). Common
supercell structure with the updraft, forward-flank downdraft and rear-flank
downdraft regions highlighted.
near the surface (Barnes 1970; Rotunno 1981; Davies-Jones 1984). The updraft tilts
the horizontal vorticity into the vertical, creating vertical vorticity. Low perturbation pressure forms dynamically in the center of rotation, leading to stronger updraft
speeds in the mid-levels that can exceed 50.0 m s

1

in intense supercells (Markowski

and Richardson 2010). The role of updraft intensification on electrification will be discussed in a later section. Lemon and Doswell (1979) suggested a divided mesocyclone
dependent upon the weakening of the main updraft and intensification of the RFD is
a predecessor for tornadogenesis. This theory is in general agreement with tornadic
supercells experiencing sporadic hail signatures from the inability of a weaker updraft
to produce large hail (Kumjian and Ryzhkov 2008b).
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Convective downdraft formation has long been surmised to influence circulation in supercells. Modeling studies have shown downdrafts are generated by precipitation loading, evaporative cooling, and pressure perturbation forces (Knupp and
Cotton 1985; Srivastava 1985; Knupp 1988). Observations have shown downdraft
vertical velocities are typically 5.0-10.0 m s 1 , but can reach maximum magnitudes
of 20.0 m s

1

(Knupp and Cotton 1985). The FFD and RFD are commonly the two

main regions of negative buoyancy in supercells.
Downwind of the main updraft, the FFD is associated with the heaviest precipitation found in supercells. The bulk of hydrometeors produced by the updraft are
advected downwind from vertical wind shear, leading to large, fast-falling hydrometeors found on the leading edge of the updraft and small, slow-falling hydrometeors
in the FFD (Gunn and Marshall 1955; Dawson et al. 2015). The combination of
precipitation loading and latent chilling on falling advected hydrometeors create negative buoyancy, leading to FFD formation (Lemon and Doswell 1979). An outflow
boundary and cold pool are produced at the surface as the negative buoyant air
reaches the ground. Recent modeling studies have observed substantial amounts of
surface vertical vorticity (0.04 to 0.08 s 1 ) along the inflow region of the FFD creating a vertical vorticity sheet (Orf et al. 2017). Horizontal vorticity is produced along
the downdraft periphery through baroclinic processes (Rotunno and Klemp 1985;
Davies-Jones and Brooks 1993; Dahl et al. 2014; Markowski and Richardson 2014).
Downward advection of subsiding air parcels and tilting leads to the formation of
vertical vorticity along the inflow portion of the FFD. These regions advect southwestward in the supercell and merge into the low-level mesocyclone, intensifying the
8

circulation. Other multi-Doppler observational studies have noticed these modeled
discrete vorticity patches being ingested into the surface circulation prior to tornadogenesis (Dowell and Bluestein 2002; Markowski et al. 2012a; Markowski et al. 2012b).
Rotation tends to intensify prior to tornadogenesis when the vertical vorticity sheet
collapses (Markowski et al. 2014).
A RFD is defined as subsiding air developing on the upwind side of the main
updraft (Markowski et al. 2002). Development of the RFD from thermodynamic
e↵ects on dry mid- and upper-level winds impinging on the updraft were initially
hypothesized (Browning and Ludlam 1962; Browning and Donaldson 1963; Nelson
1977; Brandes 1981; Klemp and Ray 1981; Brandes 1984). The updraft boundary
deflects the dry winds downward collecting precipitation, leading to the creation of
negative buoyancy through drag and evaporative cooling. Studies later suggested
dynamical forcing from downward-directed vertical perturbation pressure gradient
forces also play a role in the initiation of the RFD (Lemon and Doswell 1979; Rotunno
and Klemp 1982; Klemp and Rotunno 1983; Wakimoto and Liu 1998). Despite RFD
field measurements and modeling studies, the actual formation mechanism is still not
yet completely understood. Multiple studies have emphasized the role of the RFD
on the production of tornadoes in supercells (Ludlam 1963; Fujita 1975; Brandes
1978; Lemon and Doswell 1979; Klemp and Rotunno 1983; Wicker and Wilhelmson
1995; Dowell and Bluestein 1997; Markowski et al. 2002; Grzych et al. 2007). This
includes the transport of vertical vorticity closer to the surface from subsiding air
and precipitation, recycling of RFD air into the updraft where it can be vertically
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stretched, and an outflow creating an enhanced convergence zone beneath the updraft
(Fujita 1975; Davies-Jones 1982a; Davies-Jones 1982b; Shapiro and Markowski 1999).

2.1.1

Hook Echo Properties
The presence of a hook echo in radar reflectivity has often been associated

with the development of a RFD (Battan 1959). On radar imagery, hook echoes can
vary in shape, but typically have lengths of several kilometers and widths of several hundred meters (Garrett and Rockney 1962; Fujita 1973). Detailed analysis of
hook echo properties began as dual-polarization radar data became readily available.
Kumjian and Ryzhkov (2008a) and French et al. (2015) both observed nontornadic
supercell hook echoes containing larger median raindrop sizes, or drop size distributions, than tornadic hook echoes. Hook echo evolution characteristics were limited
due to both studies implementing one radar volume scan for each tornadic and nontornadic supercell. It is suggested that stronger evaporative cooling rates are present
in nontornadic supercells, since smaller drops are preferentially depleted from evaporation leaving larger drops in the hook echo (Li and Srivastava 2001; Markowski et al.
2002; Kumjian and Ryzhkov 2010). However, other processes may be occurring in the
RFD that must be considered. Cooling of the air from hydrometeors melting, specifically hail, would increase negative buoyancy in the RFD. Melting hail will appear
oblate from a water torus developing, thus increasing the drop size distribution in the
hook echo (Markowski et al. 2002; Thurai et al. 2015). From these observations, it
is thought nontornadic supercells experience stronger RFD magnitudes, possibly being a mechanism of tornadogenesis failure. Lemon and Doswell (1979) proposed that
10

these strong RFD velocities could lead to storm decay by undercutting and disrupting
the flow of the low-level updraft.

2.1.2

Supercell Environments
When predicting tornadic potential, forecasters evaluate environmental param-

eters conducive to supercell formation from atmospheric sounding data, with the most
crucial parameters being instability producing positive buoyancy and large vertical
wind shear. Atmospheric instability is commonly estimated using convective available potential energy (CAPE), which can be evaluated di↵erently based on parcel
origin (Moncrie↵ and Miller 1976). Mixed layer (MLCAPE) instability is calculated
by averaging the parcel conditions in the lowest 100 mb. If the boundary layer is
well-mixed, MLCAPE has been found to be a more accurate measurement of height
of the convective cloud base (Craven and Jewell 2002).
Development of updraft rotation in supercells is measured using storm relative
helicity (SRH), calculated for the lowest 1.0 km and 3.0 km heights above ground level
(Davies-Jones et al. 1990; Thompson et al. 2007). Rasmussen (2003) and Thompson
et al. (2003) determined the 0-1 km layer was more important when discriminating tornadic potential. For 0-1 km SRH, values greater than 100 m2 s

2

suggest an

increased likelihood of tornadic supercell potential. Although larger values are associated with a greater chance of a tornado threat, there is no clear value to distinguish
tornadic and nontornadic supercells.
The lifting condensation level (LCL) is another parameter that may influence tornadogenesis processes. LCL height can be used to estimate the height of
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the cloud base by lifting the surface temperature dry adiabatically and the dewpoint
temperature by the saturation mixing ratio line until they intersect on a Skew-T LogP diagram (Stackpole 1967). Rasmussen and Blanchard (1998) observed tornadic
supercell convection tended to have lower LCL heights than nontornadic supercell
convection. As LCL heights decrease in height, evaporative cooling will be reduced
with more humid air near the ground, limiting the production of downdraft formation and magnitude (Rasmussen 2003). The reduction of evaporative cooling could
influence tornadogenesis with weaker RFD velocities, which has been suggested to be
occurring in tornadic supercells (Kumjian and Ryzhkov 2008a; French et al. 2015).

2.2

Total Lightning Trends
As the updraft strength intensifies, thunderstorm electrification enhancement

will increase through the non-inductive charging mechanism (Takahashi 1978; Lhermitte and Williams 1983; Rakov and Uman 2003). Observational studies have supported evidence that non-inductive charging is the primary electrification method in
thunderstorms, not requiring the presence of a preexisting electric field. Net charge
transfer occurs from the collisions and rebounds between graupel and ice crystals in
the presence of supercooled liquid water. Gravitational sedimentation and the updraft strength create storm scale charge separation, producing a strong electric field
in the thunderstorm (Reynolds et al. 1957). Ice crystals tend to obtain a net positive
charge in the upper positive charge region of a storm, while graupel obtains a net
negative charge in the main negative charge region (Takahashi 1978; Emersic and
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Saunders 2010). The electric field will continue to increase until it meets the required
electrical breakdown, thus producing lightning.
Numerous studies have shown that increases in lightning rates can relate to
microphysical and kinematic processes to indicate severe weather potential (Goodman
et al. 1988; MacGorman et al. 1989; Williams et al. 1989; Carey and Rutledge 1996;
Williams et al. 1999; Goodman et al. 2005; Wiens et al. 2005; Steiger et al. 2007;
Schultz et al. 2009; Gatlin and Goodman 2010; Schultz et al. 2011; Stano et al.
2014; Schultz et al. 2017). Increases in flash rate production have been found to be
well-correlated with increases in graupel volume and mixed-phase ice mass from the
creation of the updraft (Carey and Rutledge 1996, 2000). Bruning and MacGorman
(2013) and Calhoun et al. (2013) suggested that strong, turbulent updrafts produce
the highest flash rates in thunderstorms from the development of small charge regions
and flash extents.

Figure 2.2: Adapted figure from Williams et al. (1999). Example of rapid increases
in lightning prior to severe weather occurrence.
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Williams et al. (1999) found a positive correlation between an increase in total
lightning, termed lightning jumps, followed by the occurrence of a severe weather
event in Florida thunderstorms (Figure 2.2). Schultz et al. (2009) compared multiple
algorithms to quantify rapid total lightning increases, finding the “2 ” lightning jump
algorithm provided the best skill scores from 107 storms located in di↵erent lightning
mapping array regions across the country. Calculation of the “2 ” lightning jump is
as follows: First, two 1-minute flash periods (FR) are averaged into 2-minute flash
rates to reduce noisy trends using

FRavg (t0 )(flashes min 1 ) =

FRt0 + FRt
2 min

1

.

(2.1)

A running record of the time rate of change in 2-minute-averaged flash rates (DFRDT)
is calculated using

DFRDTt0 (flashes min 2 ) =

FRavg (t0 )

FRavg (t
2 min

2)

.

(2.2)

Six di↵erent DFRDT values are calculated from the previous 12 minutes of lightning
data. The sigma level value is then determined from the current DFRDT and the
standard deviation of the previous five DRFDT periods using

sigma level =

DFRDTt0
(DFRDTt 2,t 4,t 6,t

8,t 10 )

.

(2.3)

If the sigma level value meets or exceeds 2.0, a lightning jump is triggered. A 10
flash min 1 , or fpm, flash rate is required prior to algorithm activation so lightning
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jumps are not misidentified from small increases in lightning often found in nonsevere
convection. The “2 ” lightning jump algorithm indicates a strengthening updraft
creating more net charge between graupel and ice crystal collisions through noninductive charging and more storm scale separation of net charge. Schultz et al.
(2015) studied various types of thunderstorms, finding lightning jumps occurred after
increases in mixed-phase graupel mass and the 10.0 ms

1

updraft volume. The recent

Schultz et al. (2017) study observed peak maximum updraft speeds occurring 4 to
13 minutes prior to lightning jump occurrence. Forecasters can use the presence of a
lightning jump to “tip the scales” on whether to issue a severe warning on a storm.
The lightning jump algorithm cannot be used to issue a specific warning because it
does not di↵erentiate the type of severe weather event that may occur.
When evaluating lightning trends, studies have noted rapid decreases in lightning prior to the onset of severe weather. Sharp (2005) noted several central Florida
tornadic supercells experienced increases in lightning, followed by a noteworthy decrease in flash rates during the collapse of the bounded weak echo region and prior to
tornadogenesis (Figure 2.3). It was suggested that the observed rapid lightning decreases are in response to the storm becoming downdraft dominated from precipitation
loading. This signal was also observed in an EF-2 tornadic supercell in Dallas-Fort
Worth, Texas (Steiger et al. 2007; Figure 2.4). Although these studies speculated
the causes of rapid decreases in lightning flash rates, there are no known studies that
examine the dual-Doppler inferred kinematic and dual-polarization inferred microphysical processes associated with this signature and the role this signature may have
for supercell forecasting.
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Figure 2.3: Adapted figure from Sharp (2005). A rapid decrease in lightning is
highlighted by the red circle before supercell production of a F2 rated tornado in
Florida.

Figure 2.4: Adapted figure from Steiger et al. (2007). Total lightning trends are
marked by a black dotted line. Lightning rates decrease prior to the EF-2 rated
tornado in a Texas supercell.
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CHAPTER 3

DATA AND METHODOLOGY

The 2016 VORTEX-SE field experiment was conducted from 01 March to
01 May 2016. The study domain consisted of northern Alabama and south-central
Tennessee encompassing lightning, dual-polarimetric, and dual-Doppler observations
from multiple datasets (Figure 3.1). This chapter will describe the methodologies
and error uncertainties associated with the analysis of three supercells that evolved
within the study domain over the duration of two intensive observation periods (IOP)
during 2016 (Table 3.1). All plots and results are created in the Python programming
language.
Table 3.1: Dates of each IOP and number analyzed in this study. Each supercell is
labeled as tornadic or not, and the dual-Doppler lobe the storm evolved in. The
tornadic IOP3 supercell was rated EF-2.
Date (IOP#)

Tornadic?

Dual-Doppler Lobe

20160331 (IOP3)

No

KHTX/ARMOR

20160401 (IOP3)

Yes

ARMOR/MAX

20160430 (IOP6)

No

KHTX/ARMOR
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Figure 3.1: Domain of the VORTEX-SE field campaign with KHTX (red dot),
ARMOR (orange dot), and MAX (blue dot) radar locations. Black dashed lines are
KHTX/ARMOR and ARMOR/MAX dual-Doppler lobes, and the yellow solid line
is the 125.0 km NALMA range ring. NALMA locations are marked as a green plus
sign, NASA mobile LMA locations are marked a pink plus sign, and TTU mobile
LMA stations are marked a purple plus sign. The current NALMA network and
mobile LMA stations were combined into an enhanced network that will be referred
simply as NALMA. The radar baseline between KHTX and ARMOR is 68.0 km and
between ARMOR and MAX is 53.0 km.
3.1

Radar Data
A suite of dual-polarimetric radars are implemented in this study, with the

primary radars consisting of the Weather Surveillance Radar-1988 Doppler (WSR88D) Hytop S-band radar, the Advanced Radar for Meteorological and Operational
Research (ARMOR) C-band radar, and the Mobile Alabama X-band (MAX) radar.
Table 3.2 provides a list of radars implemented and the role incorporated in the
methodology.
This study utilizes the WSR-88D network consisting of KBMX, KFFC, KGWX,
KHTX, and KOHX radars. All WSR-88D data were ordered from the NOAA Na18

Table 3.2: List of radars and locations implemented in this study. Each radar is
specified for storm tracking, dual-Doppler analysis, microphysical properties, or a
combination.
Radar Abbrev.

Radar Site Location

Methodology Purpose

KBMX

Calera, AL

Storm Tracking

KFFC

Peachtree City, GA

Storm Tracking

KGWX

Columbus, MS

Storm Tracking

KHTX

Hytop, AL

Storm Tracking / Dual-Doppler

KOHX

Old Hickory, TN

Storm Tracking

ARMOR

Huntsville, AL

Dual-Doppler / Microphysical

MAX

Courtland, AL

Dual-Doppler

tional Centers for Environmental Information (NCEI) in the Level II format (Crum
and Alberty 1993). An in-depth discussion will be provided on the KHTX radar,
with more details of the other WSR-88D radars implemented in a later section. The
KHTX radar operated in a Volume Coverage Pattern (VCP) 212 scan strategy with
14 elevation angles (0.5, 0.9, 1.3, 1.8, 2.4, 3.1, 4.0, 5.1, 6.4, 8.0, 10.0, 12.5, 15.6, and
19.5 ). This VCP uses a split cut technique that alters pulse repetition frequency
(PRF) at di↵erent elevation angles. A changing PRF varies Nyquist velocities (VMax )
in a volume scan,
VMax = ±

PRF
,
4

(3.1)

where lambda is the radar wavelength. Nyquist velocities ranged from 29.8 to 34.9
ms

1

for KHTX. Typical update times ranged from 4 to 5 minutes.
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Located at Huntsville International Airport, ARMOR is operated daily by
the University of Alabama in Huntsville (UAH) Atmospheric Science Department
(Petersen et al. 2005). The ARMOR scan strategies employed for each case are as
follows: sector volume scans (180 - 45 ) with 15 elevation angles (0.7, 1.3, 2.2, 3.2,
4.2, 5.2, 6.2, 7.2, 8.2, 9.2, 11.0, 12.5, 14.0, 16.0, and 18.5 ) for the IOP3 nontornadic
supercell, full volume scans with 14 elevation angles (0.7, 1.3, 2.2, 3.2, 4.2, 5.2, 6.2, 7.2,
8.2, 9.2, 11.0, 12.5, 14.0, and 16.0 ) for the IOP3 tornadic supercell, and sector volume
scans (210 - 30 ) with 18 elevation angles (0.7, 1.3, 2.2, 3.2, 4.2, 5.2, 6.2, 7.2, 8.2, 9.2,
11.0, 12.5, 14.0, 16.0, 18.5, 21.0, 25.0, and 30.0 ) for the IOP6 nontornadic supercell.
Update times were kept under 5 minutes for all three cases. A constant PRF of 1200
Hz is set for severe weather scanning modes, corresponding to a Nyquist velocity of
16.1 m s 1 . ARMOR radar measurements of reflectivity and di↵erential reflectivity
are corrected for attenuation and di↵erential attenuation using propagation-correction
algorithms (Bringi et al. 2001). The baseline between KHTX and ARMOR is 68.0
km (Deierling and Petersen 2008).
During IOP3, the MAX radar (Asefi-Najafabady et al. 2010) was located at
Courtland Airport. MAX employed full volume scans with 16 elevation angles (0.7,
1.3, 2.2, 3.2, 4.2, 5.2, 6.2, 7.2, 8.2, 9.2, 11.0, 12.5, 14.0, 16.0, 18.5, and 20.0 ) with
update times under 5 minutes. Cab blanking occurs in elevation angles below 11.0
in a 30 sector toward the front of the radar truck to avoid radiation e↵ects on radar
operators. MAX operated with a constant PRF of 1200 Hz, corresponding to a
Nyquist velocity of 9.5 m s 1 . The baseline between ARMOR and MAX is 53.0 km.
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The aforementioned radars measured the same polarimetric variables utilized
in this study: horizontal radar reflectivity factor (ZH ), radial Doppler velocity (VR ),
di↵erential reflectivity (ZDR ), and correlation coefficient (⇢HV ; Bringi and Chandrasekar 2001). Di↵erential reflectivity is the logarithmic ratio of horizontal and
vertical backscattered power (Seliga and Bringi 1976). This can be used to infer
median size of hydrometeors, as it is dependent upon hydrometeor shape, orientation, size and water content (Bringi and Chandrasekar 2001). Large raindrops will
experience high values of ZDR due to raindrop oblateness increasing with diameter
(Pruppacher and Beard 1970). Correlation coefficient is a measurement of hydrometeor diversity in a radar volume, as the diversity of hydrometeor properties in a
sample increases (e.g., shape, orientation, dielectric), ⇢HV will drop. A pure uniform
sample volume of drizzle will result in ⇢HV close to 1. For C-band radars, ⇢HV can
range from 0.80 to 0.93 due to Mie resonance in the presence of hail in a hail and rain
mixture in the radar volume (Picca and Ryzhkov 2012). Pure rain can lower ⇢HV to
0.95 and can drop to as low as 0.93 with the presence of large raindrops (Bringi et al.
1991; Keenan et al. 2000; Ryzhkov and Zrnic 2005).
Before dual-Doppler analysis, NCAR’s SOLO, version III software (Oye et al.
1995) is applied to remove aliasing in the VR field, ground clutter, sidelobe issues,
and second-trip echoes occurring at each elevation angle (Figure 3.2). After editing,
radar data are then converted into Universal Format (UF) and gridded into Network
Common Data Form (NetCDF; Rew and Davis 1990) files using NCAR’s Radx software (Dixon 2017). Data were gridded onto a common Cartesian grid (x x y x z )
of 100.0 km x 100.0 km x 15.0 km with a 1.0 km x 1.0 km x 0.5 km grid spacing
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(a)

(b)

Figure 3.2: Example of ARMOR aliased radial Doppler velocities (a) and
dealiased radial Doppler velocities (b) adjusted in SOLOIII.
using a Cressman weighting scheme (Cressman 1959). A radius of influence of 1.0 km
in the horizontal and vertical is implemented. The grids are centered on the higher
wavelength radar for dual-Doppler analysis on a case by case basis.

3.1.1

Hook Echo Analysis
Drop size distributions in hook echoes are examined from the corrected AR-

MOR output UF files, allowing for a better representation of hook echo radar polarimetric values on a pixel by pixel basis, rather than smoothed values from the gridding
processes. Analysis is done using ARMOR scans due to close proximity to all of the
supercells, with a maximum distance of 74.0 km for a single radar volume scan. A
hook echo is subjectively identified by when the appendage expands in width as it
connects to the body of the storm, similar to the methodology outlined in French
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.3: Hook echo analysis of the supercell cases using a radial and range
technique. Nontornadic supercell (IOP3) reflectivity (a) and di↵erential reflectivity
(b), tornadic supercell (IOP3) reflectivity (c) and di↵erential reflectivity (d), and
nontornadic supercell (IOP6) reflectivity (e) and di↵erential reflectivity (f). The 30
dBZ reflectivity contour is outlined in black on the di↵erential reflectivity plots.
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et al. (2015). Azimuth and range values corresponding to the lowest elevation ARMOR scans are selected using this identification method to isolate the hook echo from
the supercell and other surrounding storms (Figure 3.3). ZDR values are extracted
from the hook echo using a ZH

30 dBZ and ⇢HV

0.80 threshold criteria to ensure

radar gates are not contaminated from ground-clutter or artifacts. The ARMOR gate
spacing along the beam radial is 125.0 m.

3.1.2

Dual-Doppler Analysis
The use of multiple radars to retrieve horizontal and vertical motions from

radial velocities have been implemented in studies (Armijo 1969; O’Brien 1970; Lhermitte and Miller 1970; Ray et al. 1978; Ray et al. 1980; Chong et al. 1983; Deierling
and Petersen 2008; Wingo and Knupp 2016). This study performs dual-Doppler
wind synthesis in NCAR’s Custom Editing and Display of Reduced Information in
Cartesian Space (CEDRIC; Mohr et al. 1986), similar to the methods in the aforesaid
papers. To ensure accurate calculations, radar volumes were required to be within
2 minutes to reduce storm motion advection errors. Wind synthesis calculations occurred when the storms of interest were between the radial intersect angles of
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and  150 for the two radars (Davies-Jones 1979). Outside of this range will produce the largest errors due to both radar beams being oriented in the same direction,
while an intersect angle of 90 provides the most accurate wind synthesis measurement (Doviak et al. 1976; Beck 2004). The optimal distance between two radars
ranges from 43.0 and 81.0 km, suggested by Davies-Jones (1979) and Friedrich and
Hagen (2004). The radar baseline distances previously mentioned are in agreement
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with this optimal distance. However, the larger baseline (KHTX/ARMOR) may underestimate wind synthesis values due to averaging of larger radar volumes. The
CEDRIC analysis domain was a 100.0 km x 100.0 km x 15.0 km grid, with a 1.0 km
and 0.5 km grid spacing in the horizontal and vertical, respectively.
Several steps must be considered to calculate vertical velocities. First, horizontal wind components (u, v) are determined using radial velocity measurements
between the two radars of interest. To calculate vertical velocities (w), an integrated
form of the anelastic form of the mass continuity equation must be utilized to derive
vertical velocities at each height level:
Z
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(3.2)

A downward integration of the anelastic form of the mass continuity equation with
an upper boundary condition assuming horizontal divergence in vertical motion (w =
0) at the top of the domain is implemented in this study (O’Brien 1970). Downward
integration has been found to be a more accurate technique when storm topping
(measuring at least 10 dBZ in the storm top precipitation echo) because upward
integration requires adequate radar boundary layer sampling (O’Brien 1970, Ray et al.
1980, Matejka and Bartels 1988, Wingo and Knupp 2016). Iteration of the anelastic
form of the mass continuity equation continues to solve for vertical velocities at each
height level until horizontal and vertical divergence reaches a measurement error less
than expected. A hydrometeor terminal fall speed relationship dependent upon on
temperature (T) and maximum reflectivity (Z) developed by Marks and Houze (1987)
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was implemented:
Vt = 2.6 ⇤ Z0.107 ; T > 0 C

(3.3)

Vt = 0.817 ⇤ Z0.063 ; T  0 C.

(3.4)

Since equations (3.3) and (3.4) employ a grid box maximum reflectivity value, terminal fall speeds may be incorrectly estimated leading to vertical motion errors. Radar
volumes can consist of varying hydrometeor quantities and shapes, giving a false representation of the terminal velocity experienced at that particular grid point. Vertical
velocities were obtained by subtracting the bulk estimates of hydrometeor terminal
fall speeds (Vt ) from the values obtained from the anelastic form of the mass continuity equation.
Dual-Doppler analysis has multiple sources of error that must be accounted
for. A steady-state assumption is made where radar volumes are occurring simultaneous to one another, accounting for the two radars measuring the same wind flow
horizontally and vertically throughout the storm. However, radar sampling often
does not experience this continuity. Complete radar volumes can vary in time, ranging from 4 to 5 minutes, and lack of vertical consistency due to varying elevation scan
modes. Although radar volume time di↵erences were kept low for dual-Doppler analysis, on the order of 1 to 2 minutes, a storm can advect several kilometers between
the two radar scans. Other general errors can arise from non-uniform measurements
taken over a pulse volume, beam location, and incorrect dealiasing of radial Doppler
velocities in SOLOIII.
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Vertical velocity estimates tend to produce considerable amounts of source error from the integration of the mass continuity equation (Doviak et al. 1976). The
largest errors in vertical velocity are most pronounced at low-levels when implementing downward integration due to errors accumulating from each height interval. Since
downdrafts tend to peak in magnitude closer to the surface, errors in downdraft magnitudes must be considered at lower levels. Downward integration also requires pure
horizontal divergence to occur at the top of the domain, which is often not measured
(O’Brien 1970; Doviak et al. 1976). Variability in drop size distribution occurring in
the radar volume and selection of a proper terminal fall speed relationship provide
further sources of error, as mentioned previously. The combination of these errors
accumulate at each vertical level in the integration of the mass continuity equation
Once CEDRIC calculations are complete, the output is formatted into NetCDF
files. Maximum absolute vertical velocities in the updraft, forward-flank downdraft,
and rear-flank downdraft are extracted at 0.5 km grid level height intervals. The
maximum vertical velocity is implemented in this study rather than a vertical velocity volume calculation due to incomplete sampling that occurred during the IOP3
tornadic supercell, which will be discussed in the following chapter. Vertical velocity
volumes would be reduced in size as low-level wind synthesis was limited for several
time periods. To ensure proper maximum vertical velocities are selected, six vertical cross-sections are constructed through the velocity enhancement region to get a
complete representation of the supercell characteristics.
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3.2

Total Lightning Data
Total lightning flashes are obtained by the North Alabama lightning mapping

array (NALMA; Koshak et al. 2004; Goodman et al. 2005). NALMA consists of
10 station arrays centered at the National Space Science and Technology Center
(NSSTC) on the University of Alabama in Huntsville operating at very-high frequency
(VHF) radio impulses between 76-82 MHz (Figure 3.1). Each of these stations record
the peak power during electrical breakdown in 80 µs intervals. An additional six
mobile Lightning Mapper Array (LMA) stations from the National Aeronautics and
Space Administration (NASA) and Texas Tech University (TTU) were included to
further enhance the lightning flash detection of the overall combined network. The
TTU mobile LMA stations were operated at VHF radio impulses between 60-66 MHz
(E. Bruning, personal communication). The enhanced network of NALMA stations
and mobile LMA stations will be referred simply as NALMA. The additional mobile
LMA sensor locations provided a more accurate flash rate for supercells evolving in
the southern ARMOR/MAX dual-Doppler and the northern KHTX/ARMOR dualDoppler lobe. Global Positioning System (GPS) and time of arrival (TOA) methods
are implemented to locate VHF source positions from the time of the measured peak
powers (Thomas et al. 2004). The TOA technique solves for four unknowns, source
coordinates (x, y, and z) and time, using a minimum of six stations in the array.
Lightning analysis is restricted to a 125 km range from the center of the network due to detection efficiency drastically decreasing outside of a 150 km range
(Thomas et al. 2004; Koshak et al. 2004). VHF source points can experience loca-
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tion errors on the order of several 100 meters in the horizontal and up to 1.0 km in
the vertical based on a 125.0 km distance from the center of the NALMA (Koshak
et al. 2004). Flashes are constructed into a three-dimensional mapping depiction from
the multiple sensors using the McCaul et al. (2009) flash clustering algorithm. VHF
sources occurring less than 0.3 s apart and within a distance threshold that varies
with distance away from the network are assigned to a single flash. A minimum
of 10 VHF sources in a constructed flash is required to avoid flashes created from
noisy VHF sources. Flash initiations are also plotted with radar and vertical motion
plots to visualize areas generating substantial amounts of electrical charge to produce
lightning. This is done by grouping flashes between the average times between radar
volume scan periods, consisting of 4 to 5 minutes worth of flash data associated with
a single radar scan.

3.2.1

Lightning Tracking
In order to associate lightning flashes to a supercell of interest, storm locations

must be determined. This is done by merging reflectivity using the NSSL Warning
Decision Support System - Integrated Information (WDSS-II) software (Lakshmanan
et al. 2007). The Level-II data from the five previously mentioned surrounding WSR88D radars are first converted into NetCDF files using the “ldm2netcdf” tool. Reflectivity is then merged from these files using the “w2merger” and “w2simulator”
tools into a three-dimensional grid. Merged reflectivity is output in two minute increments to match the calculated two-minute-averaged lightning rates for the “2 ”
lightning jump algorithm. A low-level maximum reflectivity coordinate is extracted
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to determine storm location over time (Figure 3.4). This coordinate is then expanded
into a bounding box using a subjective radius and overlaid on lightning initiation
sources to isolate lightning activity (Figure 3.5). The bounding box records lightning
information every two minutes, synchronized with storm location on radar.

Figure 3.4: Merged reflectivity from the KBMX, KFFC, KGWX, KHTX, and
KOHX WSR-88D S-band radars surrounding the VORTEX-SE domain. Low-level
maximum reflectivity coordinate is extracted from the storm of interest.

3.2.2

Lightning Dive Algorithm
Lightning flash rate trends are determined using a similar “2 ” algorithm

developed in Schultz et al. (2009). The algorithm is modified to detect lightning
jumps and rapid decreases in lightning rates, termed lightning dives. To classify a
lightning dive, the rate of change of the current two-minute-averaged flash rate with
time (DFRDT) must be equal to or more negative than twice the negative standard
deviation (“ 2 ”). A “ 2 ” value is chosen for continuity of the operational “2 ”
lightning jump algorithm and to detect significant decreases in lightning trends. The
new algorithm continues to use a 10 fpm threshold and only one jump or dive can be
triggered within a six minute period (Schultz et al. 2009). This modification provides
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Figure 3.5: Storm tracking of flash initiation sources with the storm of interest
using a bounding box. The blue square is the subjective bounding box outline,
green dots are flash initiation sources inside the bounding box associated with storm
location, and red dots are flash initiation sources outside the bounding box.
information on rapid increases and decreases in lightning trends during supercell
evolution.

3.3

Environmental Analysis
Atmospheric parameters of MLCAPE, SRH 0-1 km, and MLLCL are obtained

from a suite of soundings released during the VORTEX-SE field campaign. Preference
was given to soundings located near the proximity of initiation and closest to the time
of storm development. These close proximity soundings will provide a more accurate
environmental analysis for storm development than soundings released on a national
scale, typically launched twice a day. Upper-air sounding data were plotted and
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analyzed in the Python-based Storm Prediction Center (SPC) Skew-T and Hodograph
Analysis and Research Program (SHARPpy; Halbert et al. 2015).
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CHAPTER 4

RESULTS

A total of three supercells, referred to as case studies, evolved in dual-Doppler
lobes allowing the study of relationships between lightning, kinematic, and microphysical properties. All case studies occurred in 2016 during VORTEX-SE, with two
supercells analyzed during IOP3 and one supercell during IOP6. Each case study
is presented in separate sections with detailed subsections on the overview of the
event, atmospheric environment conditions, total lightning trends, vertical motions
in updraft and downdraft regions, and microphysical hook echo properties. Lightning and kinematic analyses will focus on supercell occurrence in dual-Doppler lobes
to understand the relationship between vertical velocity magnitudes and lightning
rates. Microphysical analysis inferred from polarimetric radar examines hook echo
properties 30 minutes prior to tornadogenesis for the tornadic supercell and the radar
volumes during the tornado warning period for the nontornadic supercells. Supercell
signatures leading up to tornadogenesis or during the tornado warning period will be
emphasized in this chapter. A summary of the trends observed between supercells is
presented at the end of Chapter 4, followed by conclusions and a future work section
in the following chapter.
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Sounding Group
NOAA ATDD
NOAA ATDD
Purdue

Case

IOP3 (Nontornadic)

IOP3 (Tornadic)

IOP6 (Nontornadic)

2000

0100

2300

Sounding Time (UTC)

2023

0022

2217

Initiation Time (UTC)

8.0

44.0

20.0

Distance to Storm (km)

Table 4.1: Atmospheric sounding information and proximity to storm location during the 2016 VORTEX-SE field campaign.
Atmospheric sounding group, time of the sounding launch, time of storm initiation, and distance between the launch of the
atmospheric sounding and current storm location are presented.
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271, 17.0
230, 15.4
231, 13.9

IOP3 (Tornadic)

IOP6 (Nontornadic)

Storm Motion ( , m s

IOP3 (Nontornadic)

Case

1)

663

475

526

MLCAPE (J kg

1

)

28

150

150

SRH 0-1 km (m2 s

2)

929

686

721

MLLCL (m)

Table 4.2: Storm propagation and atmospheric parameters of each case study from atmospheric soundings launched by
various mobile sounding teams in the 2016 VORTEX-SE domain. Storm motion, MLCAPE, SFC-1km SRH, and MLLCL
heights are presented.

4.1

Case 1: IOP3 Nontornadic Supercell
A series of strong convective storms developed along the Alabama and Ten-

nessee border during the late afternoon hours on March 31, 2016. Several storms
experienced low-level rotation, but only one tornado warned supercell completely
evolved within the northern KHTX/ARMOR dual-Doppler lobe to understand kinematic motions that can be related to lightning trends and potential tornadogenesis
failure mechanisms. The supercell entered the dual-Doppler lobe at 2320 UTC with
a broad area of rotation in radial velocity at the lowest 0.5 elevation scan on KHTX
and 0.7 elevation scan on ARMOR radar imagery. Rotation in radial velocity continued to increase and tighten, likely influencing a tornado warning being issued at
2335 UTC lasting until 0031 UTC.

4.1.1

Near-Storm Environment
Storm initiation occurred at 2217 UTC east of Waterloo, AL (Table 4.1).

Shortly after initiation, NOAA Atmospheric Turbulence and Di↵usion Division (ATDD)
launched an atmospheric sounding at 2300 UTC in Florence, AL, nearly 20.0 km south
of the current storm position (Figure 4.1). The atmospheric sounding characterized
a low instability, MLCAPE of 526 J kg 1 , and moderate shear, 0-1 km SRH of 150
m2 s 2 , environment for the development of convection (Table 4.2). The MLLCL
was 721 m in height around the time of storm initiation. After initiation, the storm
propagated with a storm motion of 17.0 m s
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1

at a 271 direction.
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Figure 4.1: Reproduced NOAA ATDD sounding in SHARPpy. Atmospheric sounding released in Florence, AL at 2300 UTC.

4.1.2

Lightning Trends
Lightning flash rates hovered between 3.5 and 13.0 fpm shortly after storm

initiation (Figure 4.2). However, flash rates rapidly increased at 2312 UTC and
2334 UTC, triggering the first and second lightning jumps with peak flash rates of
45.5 fpm and 62.5 fpm, respectively. A tornado warning was issued 1 minute after
the second lightning jump was triggered. Flash rates significantly decreased at 2340
UTC, reaching a minimum of 28.5 fpm, triggering the first lightning dive during the
supercell evolution. Another lightning dive was triggered at 0010 UTC, shortly after
a brief increase in flash rates that nearly produced a lightning jump at 2356 UTC with
a sigma level value of 1.5. The minimum in flash rates during the tornado warning
period occurs at 0016 UTC, followed by a rapid increase in flashes producing a third
lightning jump at 0018 UTC and a secondary maximum in flash rates of 61.0 fpm at
0024 UTC. A third lightning dive was nearly triggered during the decrease in flash
rates between 0026 UTC and 0036 UTC, recording a -1.6 sigma level. Flash rates
continue to fluctuate for the remainder of the supercell duration after the tornado
warning was cancelled. A total of four lightning jumps and three lightning dives
were triggered, with two lightning jumps and two lightning dives occurring during
the dual-Doppler wind synthesis period.

4.1.3

Kinematic Motions
Maximum vertical velocities were obtained from 2319 UTC to 0032 UTC for

the IOP3 nontornadic supercell. The height of the freezing layer was 3.6 km in height,
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Figure 4.2: Two-minute averaged lightning trends experienced throughout the
lifespan of the IOP3 nontornadic supercell (top). Red dashed lines are lightning
jumps, green dashed lines are lightning dives, and orange triangles denote the
tornado warning period. Running DFRDT and (±) 2 level required for a lightning
jump or dive to be triggered (bottom). Orange lines are the positive and negative
2 level, red boxes are triggered lightning jumps, green boxes are triggered lightning
dives, and cyan boxes are jumps or dives that do not meet the 10 flash per minute
threshold.
identifying the mixed-phase regions in the supercell where non-inductive charging is
favorable. Kinematic motions are discussed via trends in the updraft and downdraft
regions related to lightning jump and lightning dive occurrence.

4.1.3.1

Updraft Trends

Prior to the issuing of the tornado warning, updraft velocities reached an initial
maximum of 24.1 m s

1

at 2319 UTC, 15 minutes before the occurrence of the second

recorded lightning jump (Figure 4.3a). The majority of lightning initiation sources
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were predominately located in the FFD region of the supercell, evident in the 2.0
km horizontal cross-section (Figure 4.4a). A vertical cross-section taken through the
storm at 10.0 km north of KHTX displays lightning initiation occurring downwind in
the FFD and along the periphery of the maximum updraft velocities (Figure 4.4b).
This initial maximum updraft velocity occurred at 4.5 km in height in the mixed-phase
region of the supercell. Maximum updraft velocities weakened to 18.3 m s

1

in the

mixed-phase region at 2330 UTC, 10 minutes before the first lightning dive. A lowlevel updraft enhancement of 25.2 m s

1

is present at 2340 UTC, 16 minutes before

an increase in lightning rates that nearly triggered a lightning jump (Figure 4.3a).
Maximum updraft speeds began to decrease over the next 15 minutes in the mixedphase region, reaching a minimum of 17.3 m s

1

at 2355 UTC. The second lightning

dive occurred 15 minutes after this mixed-phase updraft velocity minimum. Updraft
velocities then reached a maximum of 30.7 m s

1

at 2.0 km in the 0000 UTC wind

synthesis volume, 18 minutes before the third lightning jump and 24 minutes before
the secondary maximum flash rate was recorded. Low- to mid-level updraft speeds
greater than 20.9 m s

1

continued to dominate from 0000 UTC to 0017 UTC. Updraft

velocity values of 26.5 m s

1

progressed into the mixed-phase region of the storm

leading up to the third lightning jump, potentially enhancing the charge available for
lightning production.

4.1.3.2

Downdraft Trends

Two distinct downdraft signatures are initially present in the FFD and RFD
wind synthesis at 2324 UTC, 16 minutes prior to the first lightning dive (Figure 4.3b,
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(b)

(a)

(c)

Figure 4.3: Maximum vertical velocity time height plots for the IOP3 nontornadic
supercell on 20160331. Maximum updraft vertical velocities (a), maximum absolute
forward-flank downdraft velocities (b), maximum absolute rear-flank downdraft
velocities (c) are presented with lightning jump occurrence (dashed red line),
lightning dive occurrence (dashed green line), tornado warning period (orange
triangles), 0 C height (solid black line), and 10 C height (solid maroon line)
highlighted.
c). The FFD velocities reached a maximum absolute of -8.4 m s

1

at 1.5 km in height,

but then continued to decrease in magnitude with time after the tornado warning was
issued. Maximum absolute RFD velocities of -13.2 m s

1

were derived at 3.0 km in

height at 2324 UTC, followed by a 1.5 km maximum absolute low-level downdraft
velocity of -15.2 m s

1

at 2330 UTC upwind of the supercell updraft (Figure 4.5a).

This maximum absolute low-level RFD enhancement occurred 10 minutes prior to the
first lightning dive. A vertical cross-section taken 11.0 km north of KHTX highlights
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(b)

(a)

Figure 4.4: Equivalent reflectivity factor 2.0 km horizontal cross-section (a) and a
vertical cross-section of vertical velocity at y=10 (b) for the IOP3 nontornadic
supercell at 2319 UTC. The placement of the vertical cross-section is marked by a
dashed black line in the horizontal cross-section. Horizontal motion magnitudes and
directions are labeled by black arrows in the horizontal cross-section, with a
horizontal motion key in the bottom right corner. Lightning initiation sources
associated with the supercell volume scan are marked with black dots and a
reflectivity 30 dBZ contour marked by a solid black line.

(a)

(b)

Figure 4.5: Vertical velocity 2.0 km horizontal cross-section (a) and a vertical
cross-section of vertical velocity at y=11 (b) for the IOP3 nontornadic supercell at
2330 UTC. The placement of the vertical cross-section is marked by a dashed black
line in the horizontal cross-section. Lightning initiation sources associated with the
supercell volume scan are marked with black dots. A solid black line marks the
reflectivity 30 dBZ contour of the supercell
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few lightning sources initiated above the RFD region of the supercell (Figure 4.5b).
A secondary maximum absolute RFD enhancement of -11.8 m s 1 , at 2340 UTC and
height of 1.5 km, occurred 30 minutes before the second lightning dive (Figure 4.3c).
At 0000 UTC, a weak absolute FFD enhancement of -6.1 m s

1

occurred 10 minutes

before the second lightning dive (Figure 4.3b). After the second lightning dive was
triggered, low-level maximum absolute downdraft velocities increased to -7.3 m s
in the FFD and -9.8 m s

1

1

in the RFD at 0027 UTC and 0017 UTC, respectively. A

third lightning dive was nearly triggered with a sigma level of -1.6 at 0026 UTC to
indicate these downdraft enhancements. Two maximum absolute downdraft velocities
greater than or equal to -10.0 m s

1

occurred at the lowest level before the presence of a

lightning dive, ranging from 10 to 30 minutes. Throughout the dual-Doppler analysis,
the maximum absolute FFD velocities were predominately weaker in magnitude than
the maximum absolute RFD velocities, never exceeding the three distinct low-level
maximum absolute RFD velocity enhancements.

4.1.4

Hook Echo Properties
A time series plot of median ZDR hook echo values with a ZH and ⇢HV threshold

is presented in Figure 4.6. Initially, ZDR values increased to 2.1 dB in the first four
ARMOR radar volume scans, followed by a decrease to 1.3 dB at 2348 UTC. ZDR
hook echo values rebounded and reached a secondary maximum of 2.0 dB at 2356
UTC. Hook echo values then began to decrease over the next 22 minutes, reaching
a minimum of 0.9 dB in the 0018 UTC volume scan. A slight increase in ZDR hook
echo values occurred near the end of the tornado warning period at 0028 UTC. The
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duration of the tornadic warning was characterized by an averaged median ZDR hook
echo value of 1.5 dB.

Figure 4.6: Evolution of median (red line) ZDR hook echo values from ARMOR
radar volume scans during the IOP3 nontornadic supercell. Orange triangles denote
the tornado warning period.

4.2

Case 2: IOP3 Tornadic Supercell
In the evening hours of March 31, 2016, discrete supercells developed in Mis-

sissippi and continued to propagate into the southeastern VORTEX-SE domain. The
case study of interest entered the southern ARMOR/MAX dual-Doppler lobe at 0101
UTC. Rotation was first observed in ARMOR radar imagery at 0051 UTC, later developing cyclic supercell characteristics with a new area of low-level rotation redeveloping
at 0126 UTC. The supercell produced an EF-2 rated tornado in Priceville, AL at 0157
UTC and lasted for 15 minutes. The complete evolution leading up to tornadogenesis
was captured in the NALMA network and dual-Doppler lobe. However, dual-Doppler
analysis was limited in later volume scans due to MAX attenuation issues from sur44

rounding storms. Storm topping by ARMOR is limited beyond 0141 UTC due to
storm motion towards the radar and propagation outside the dual-Doppler lobe. The
FFD region initially experienced limited storm topping radar coverage, transitioning
to the mesocyclone region by 0156 UTC.

4.2.1

Near-Storm Environment
The storm initiated at 0022 UTC west of Double Springs, AL and continued

to propagate with a storm motion of 15.4 m s

1

at a 230 direction (Table 4.2). An

atmospheric sounding was released by NOAA ATDD in Belle Mina, AL at 0100 UTC,
44.0 km northeast of the current storm position (Table 4.1). A similar environment
to the IOP3 nontornadic supercell was in place, with MLCAPE reaching 475 J kg
and 0-1 km SRH of 150 m2 s

2

1

(Figure 4.7). A MLLCL height of 686 m was sampled

during storm evolution.

4.2.2

Lightning Trends
Lower flash rates were observed for the duration of the supercell, never ex-

ceeding more than 42.5 fpm (Figure 4.8). Initially, lightning flash rates gradually
increased to 12.0 fpm from 0103 UTC to 0129 UTC. During this time period, the first
lightning jump was triggered at 0111 UTC. A second lightning jump was triggered at
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Figure 4.7: Reproduced NOAA ATDD sounding in SHARPpy. Atmospheric sounding released in Belle Mina, AL at 0100
UTC.

Figure 4.8: Two-minute averaged lightning trends experienced throughout the
lifespan of the IOP3 tornadic supercell (top). Red dashed lines are lightning jumps,
green dashed lines are lightning dives, and orange solid line is the duration of the
tornado. Running DFRDT and (±) 2 level required for a lightning jump or dive to
be triggered (bottom). Orange lines are the positive and negative 2 level, red
boxes are triggered lightning jumps, green boxes are triggered lightning dives, and
cyan boxes are jumps or dives that do not meet the 10 flash per minute threshold.

0131 UTC while flash rates experienced a noticeable increase to 19.0 fpm at 0133
UTC. Rapid increase in flash rates followed at 0141 UTC, triggering a third lightning
jump. Flash rates continued to increase to a maximum flash rate of 42.5 fpm over the
next 2 minutes. Afterwards, a lightning dive was triggered at 0147 UTC as flash rates
drastically decreased to a minimum of 12.5 fpm at 0153 UTC. An EF-2 rated tornado
was produced at 0157 UTC, 16 minutes after the presence of the third lightning jump
and 10 minutes after the lightning dive. During and after tornado formation, flash
rates remained lower than 16.5 fpm.
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4.2.3

Kinematic Motions
Dual-Doppler analysis was conducted between 0101 UTC and 0156 UTC, cap-

turing vertical motion processes prior to tornadogenesis. The bottom of the freezing
level was at a height of 3.7 km. Both the lightning jump and lightning dive occurred
in the dual-Doppler analysis period.

4.2.3.1

Updraft Trends

Once the supercell entered the dual-Doppler lobe at 0101 UTC, 24.8 m s

1

maximum updraft speeds were derived at 2.0 km in height (Figure 4.9a). This would
be the largest maximum updraft speed derived during the supercell lifespan in the
ARMOR/MAX dual-Doppler lobe. The first lightning jump was triggered at 0111
UTC, 10 minutes after maximum updraft speeds of 14.9 m s

1

were derived in the

mixed-phase region. Maximum updraft velocities greater than 13.5 m s

1

were ob-

served in the mixed-phase region from 0101 UTC to 0121 UTC. A second lightning
jump was triggered 15 minutes after a 16.5 m s

1

updraft enhancement at 3.5 km

in height near the freezing level. Updraft speeds gradually diminished in magnitude
from the start of dual-Doppler analysis with time as the original updraft weakened
and a new updraft formed to the southeast at 0126 UTC. Two areas of rotation were
evident in ARMOR radial velocity, indicating cyclic supercell processes (Figure 4.10).
Also, the original mesocyclone moved rearward into the storm, often observed in cyclic
supercells (Darkow and Roos 1970; Beck et al. 2006; French et al. 2008). This newly
formed updraft developed weaker velocities than the original updraft for the remain-
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1

der of the supercell life cycle. However, a 14.0 m s

updraft enhancement occurred

5.0 km in height at 0131 UTC (Figure 4.9a). Lightning rates increased, producing a
third lightning jump 10 minutes after this mixed-phase updraft enhancement. Mixedphase updraft velocities decreased to 7.5 m s

1

at 0136 UTC, 11 minutes before the

lightning dive was triggered. Between 0136 UTC and 0146 UTC, low-level MAX
radial velocities were unattainable due to surrounding storms attenuating the radar
signal. Attenuation issues produced missing low-level wind synthesis in the updraft
and inflow region of the supercell. Maximum updraft velocities remained low 16 minutes prior to tornadogenesis, peaking at 11.1 m s

1

in the 0151 UTC dual-Doppler

volume.

4.2.3.2

Downdraft Trends

Both downdraft regions experienced weak absolute downward velocities at the
beginning of the dual-Doppler analysis (Figure 4.9b, c). At 0111 UTC, a low-level
maximum absolute RFD enhancement of -9.2 m s

1

is present for two dual-Doppler

wind synthesis periods. The first FFD enhancement occurred at 0121 UTC with
maximum absolute velocities of -7.6 m s 1 , followed by a -14.0 m s

1

low-level max-

imum absolute FFD velocity at 0136 UTC. Lightning sources appeared to initiate
in two regions, both downwind of the current and decaying updraft regions in the
supercell (Figure 4.11a). After the original updraft decayed, lightning sources mainly
initiated downwind of the new updraft and FFD region in later volume scans (not
shown). Despite wind synthesis limitations in the inflow region of the FFD, a vertical
cross-section taken 22.0 km south of ARMOR illustrates the low-level maximum abso49

(b)

(a)

(c)

Figure 4.9: Maximum vertical velocity time height plots for the IOP3 tornadic
supercell on 20160401. Maximum updraft vertical velocities (a), maximum absolute
forward-flank downdraft velocities (b), maximum absolute rear-flank downdraft
velocities (c) are presented with lightning jump occurrence (dashed red line),
lightning dive occurrence (dashed green line), tornado start (dashed orange line),
0 C height (solid black line), and 10 C height (solid maroon line) highlighted.
Missing data exists from 0136 UTC to 0146 UTC in the low-levels of updraft
velocities and for the entire FFD 0141 UTC scan due to attenuation issues.
lute downdraft velocity enhancement in the FFD at 0136 UTC (Figure 4.11b). This
secondary maximum absolute FFD enhancement occurred 11 minutes prior to the
lightning dive and continued in duration leading up to tornadogenesis (Figure 4.9b).
Extensive MAX attenuation issues occur at 0141 UTC, eliminating wind synthesis
calculations in the FFD region. During this time period, MAX was surrounded by
strong convection, ZH greater than 40 dBZ, and convection aligned along the radar
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Figure 4.10: 0.7 ARMOR radial velocity plan position indicator of the IOP3
tornadic supercell at 0126 UTC. Two areas of rotation are observed at -33.0 km
south and -41.0 km west, as well as -35.0 km south and -36.0 km west of ARMOR.
The 30 dBZ reflectivity contour is highlighted by a solid black line.
radials in the FFD region of the supercell. After a lull in maximum absolute RFD
velocities, a -6.8 m s

1

low-level maximum absolute downdraft enhancement occurred

at 0146 UTC, 1 minute before the lightning dive and 11 minutes before tornadogenesis (Figure 4.9c). The MAX attenuation issues and storm propagation outside the
dual-Doppler lobe in the 0151 UTC and later volume scans continued to limit wind
synthesis calculations (Figure 4.12a). However, this secondary maximum absolute
RFD enhancement upwind of the updraft and in the supercell hook echo is evident
in the vertical cross-section taken 23.0 km south of ARMOR (Figure 4.12b). A single
maximum absolute downdraft velocity greater than or equal to -10.0 m s

1

occurred

in the FFD 11 minutes prior to a triggered lightning dive. This tornadic supercell
experienced noticeably larger maximum absolute FFD velocity magnitudes than max-
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(b)

(a)

Figure 4.11: Equivalent reflectivity factor 1.0 km horizontal cross-section (a) and a
vertical cross-section of vertical velocity at y=-22 (b) for the IOP3 tornadic
supercell at 0136 UTC. The placement of the vertical cross-section is marked by a
dashed black line in the horizontal cross-section. Horizontal motion magnitudes and
directions are labeled by black arrows in the horizontal cross-section, with a
horizontal motion key in the bottom right corner. Lightning initiation sources
associated with the supercell volume scan are marked with black dots and a
reflectivity 30 dBZ contour marked by a solid black line.

(a)

(b)

Figure 4.12: Vertical velocity 1.0 km horizontal cross-section (a) and a vertical
cross-section of vertical velocity at y=-23 (b) for the IOP3 tornadic supercell at
0151 UTC. The placement of the vertical cross-section is marked by a dashed black
line in the horizontal cross-section. Lightning initiation sources associated with the
supercell volume scan are marked with black dots. A solid black line marks the
reflectivity 30 dBZ contour of the supercell.
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imum absolute RFD velocities throughout the duration of the storm, primarily during
the period leading up to tornadogenesis.

4.2.4

Hook Echo Properties
Median ZDR statistics are calculated using ARMOR radar scans 30 minutes

prior to tornadogenesis. During the analysis period, ZDR hook echo values reached
a minimum of 0.1 dB at 0136 UTC (Figure 4.13). ZDR values later increased to a
maximum of 1.0 dB at 0156 UTC, 1 minute before the reported start time of the
EF-2 rated tornado. Overall, ZDR hook echo values remained low compared to the
IOP3 nontornadic supercell, with an averaged median hook echo value of 0.7 dB.

Figure 4.13: Evolution of median (red line) ZDR hook echo values from ARMOR
radar volume scans during the IOP3 tornadic supercell. Orange dot denotes the
start of the tornado.
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4.3

Case 3: IOP6 Nontornadic Supercell
On April 30, 2016, several isolated storms developed across the VORTEX-SE

domain. The storm of interest entered the northern KHTX/ARMOR dual-Doppler
lobe at 2115 UTC, prompting a tornado warning from 2133 UTC to 2200 UTC after developing strong low-level rotation evident on ARMOR radial velocity. MAX
also experienced low-level rotation signatures in radial velocity, but the supercell
propagated outside the ARMOR/MAX dual-Doppler lobes. Although this supercell
failed to produce a tornado, a 50-60 mph damaging wind occurrence was reported at
2200 UTC. Lightning trends and kinematic motions were sampled to analyze potential tornadogenesis failure mechanisms in the tornado warning period for the IOP6
nontornadic supercell.

4.3.1

Near-Storm Environment
The supercell initiated west of Moulton, AL at 2023 UTC and propagated

with a storm motion of 13.9 m s

1

at a 231 direction (Table 4.2). The Purdue

University launched an atmospheric sounding at 2000 UTC in Moulton, AL, nearly 8.0
km from storm initiation (Table 4.1). Environment parameters consisted of slightly
larger instability, MLCAPE of 663 J kg 1 , and lower shear, 0-1 km SRH of 28 m2 s 2 ,
compared to the environment both IOP3 supercells evolved in (Figure 4.14). This
supercell environment experienced the largest MLLCL height of 929 m, nearly 200 m
higher than the previous two cases on March 31, 2016.
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Figure 4.14: Reproduced Purdue University sounding in SHARPpy. Atmospheric sounding released in Moulton, AL at 2000
UTC.

4.3.2

Lightning Trends
A cyclic trend in lightning flash rates is evident as four lightning jumps and

four lightning dives were triggered during the lifespan of this nontornadic supercell
(Figure 4.15). Leading up to the tornado warning being issued, flash rates remained
low with a 17.0 fpm maximum. By 2142 UTC, the first lightning jump was triggered
as flash rates drastically increased to an initial maximum flash rate of 50.5 fpm. Flash
rates then decreased and varied from 23.0 fpm to 25.5 fpm from 2150 UTC to 2156
UTC. As the tornado warning expired, flash rates gradually increased to 32.0 fpm.
After this brief increase, the first lightning dive was triggered as flash rates decreased
to 18.0 fpm at 2204 UTC. The lightning dive occurred 4 minutes after the 50-60
damaging wind report and the expiration of the tornado warning. Flash rates then
rapidly increased to a maximum flash rate of 67.5 fpm at 2222 UTC, 10 minutes after
the second lightning jump at 2212 UTC. Lightning trends continued to fluctuate in
a cyclic pattern outside of the dual-Doppler lobe, later triggering two more lightning
jumps and three more lightning dives.

4.3.3

Kinematic Motions
Maximum vertical velocities were derived from 2115 UTC to 2209 UTC for

the IOP6 nontornadic supercell. The height of the freezing layer was 3.7 km in height
associated with the lower extent of the mixed-phase region. One lightning jump
and one lightning dive occurred during the dual-Doppler analysis period that can be
related to kinematic motions.
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Figure 4.15: Two-minute averaged lightning trends experienced throughout the
lifespan of the IOP6 nontornadic supercell (top). Red dashed lines are lightning
jumps, green dashed lines are lightning dives, orange triangles denote the tornado
warning period, and the pink x indicates the 50-60 mph damaging wind report.
Running DFRDT and (±) 2 level required for a lightning jump or dive to be
triggered (bottom). Orange lines are the positive and negative 2 level, red boxes
are triggered lightning jumps, green boxes are triggered lightning dives, and cyan
boxes are jumps or dives that do not meet the 10 flash per minute threshold.
4.3.3.1

Updraft Trends

At the beginning of the wind synthesis period, maximum updraft velocities
reached a peak of 23.0 m s

1

at 2115 UTC (Figure 4.16a). A lull in updraft intensity

followed during the next two wind synthesis volumes. Maximum updraft velocities at 1.5 km in height increased at 2129 UTC indicating a strengthening updraft,
transitioning to the mixed-phase region by 2139 UTC. The 2.0 km horizontal crosssection of the supercell illustrated lightning initiation sources predominately in the
FFD region (Figure 4.17a). A vertical cross-section taken 3.0 km south of KHTX
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displays lightning initiation along the updraft periphery and downwind into the FFD
(Figure 4.17b). The first lightning jump was triggered 3 minutes after the updraft
velocities of 18.7 m s

1

extended well into the mixed-phase region of the supercell

(Figure 4.16a). Also, this observed lightning jump occurred 18 minutes before the
50-60 mph wind report. The following five wind synthesis volumes consisted of maximum updraft speeds greater than 18.0 m s 1 , with a low-level enhancement of 22.2
ms

1

at 2144 UTC. However, mixed-phase updraft magnitudes decrease slightly be-

tween 2144 UTC and 2149 UTC. The first lightning dive occurred 20 minutes after
this brief decrease in maximum updraft velocities in the mixed-phase. The second
lightning jump and maximum flash rate occurred 13 and 23 minutes, respectively,
after the maximum updraft velocities greater than 20.0 m s

1

transitioned to the

mixed-phase levels at 2159 UTC.

4.3.3.2

Downdraft Trends

Similar downdraft velocity trends were derived in the IOP6 nontornadic supercell as in the IOP3 nontornadic supercell (Figure 4.16b, c). Initially, the FFD
produced a maximum absolute downdraft enhancement of -8.1 m s

1

at 2120 UTC,

diminishing over the next 4 volume scans. However, the RFD intensified during this
period and produced a maximum absolute downdraft enhancement of -17.9 m s

1

at 1.5 km in height upwind of the updraft at 2134 UTC (Figure 4.18a). A vertical
cross-section 9.0 km south of KHTX indicates the low-level enhancement of maximum absolute RFD velocities (Figure 4.18b). This maximum absolute signature
weakened to -11.8 m s

1

in the following wind synthesis volume. Two downdraft en58

(b)

(a)

(c)

Figure 4.16: Maximum vertical velocity time height plots for the IOP6
nontornadic supercell on 20160430. Maximum updraft vertical velocities (a),
maximum absolute forward-flank downdraft velocities (b), maximum absolute
rear-flank downdraft velocities (c) are presented with lightning jump occurrence
(dashed red line), lightning dive occurrence (dashed green line), tornado warning
period (orange triangles), 50-60 mph damaging wind report (pink x), 0 C height
(solid black line), and 10 C height (solid maroon line) highlighted.
hancements occurred at 2144 UTC, a mid-level FFD enhancement producing a -5.2
ms

1

maximum absolute downdraft velocity extending to 1.5 km above the surface

and a low-level maximum absolute RFD intensification of -15.2 m s

1

persisting over

multiple volume scans (Figure 4.16b, c). This persistent RFD signature began 16
minutes before the 50-60 mph wind report and 20 minutes before the first triggered
lightning dive. Maximum absolute RFD velocities continued to decrease in the dualDoppler analysis period after the tornado warning and damaging wind report. At

59

(b)

(a)

Figure 4.17: Equivalent reflectivity factor 2.0 km horizontal cross-section (a) and a
vertical cross-section of vertical velocity at y=-3 (b) for the IOP6 nontornadic
supercell at 2139 UTC. The placement of the vertical cross-section is marked by a
dashed black line in the horizontal cross-section. Horizontal motion magnitudes and
directions are labeled by black arrows in the horizontal cross-section, with a
horizontal motion key in the bottom right corner. Lightning initiation sources
associated with the supercell volume scan are marked with black dots and a
reflectivity 30 dBZ contour marked by a solid black line.

(a)

(b)

Figure 4.18: Vertical velocity 2.0 km horizontal cross-section (a) and a vertical
cross-section of vertical velocity at y=-9 (b) for the IOP6 nontornadic supercell at
2134 UTC. The placement of the vertical cross-section is marked by a dotted black
line in the horizontal cross-section. Lightning initiation sources associated with the
supercell volume scan are marked with black dots. A solid black line marks the
reflectivity 30 dBZ contour of the supercell.
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2204 UTC, a weak maximum absolute FFD enhancement occurred in the mid-levels
with a -5.0 m s

1

velocity reaching 1.0 km in height, simultaneous to the first light-

ning dive (Figure 4.16b). The beginning of maximum absolute RFD velocities greater
than or equal to -10.0 m s

1

occurred 30 minutes prior to the lightning dive during

dual-Doppler analysis.

4.3.4

Hook Echo Properties
The nontornadic hook echo was characterized by the largest median ZDR values

observed of 2.4 dB after the first ARMOR volume scan in the tornado warning period
(Figure 4.19). ZDR values decreased to a minimum of 1.5 dB over the next two volume
scans. Between 2141 UTC and 2159 UTC, ZDR hook echo values experienced small
fluctuations from 1.5 to 1.8 dB. The averaged median ZDR hook echo value during
the tornado warning period was 1.8 dB.

Figure 4.19: Evolution of median (red line) ZDR hook echo values from ARMOR
radar volume scans during the IOP6 nontornadic supercell. Orange triangles denote
the tornado warning period.
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4.4

Trend Overview
The (±) “2 ” algorithm identified a total of six lightning jumps and four light-

ning dives while kinematic motions could be derived from dual-Doppler analysis in
the previously mentioned case studies. Lightning jumps occurred between 3 and 18
minutes after a mixed-phase updraft enhancement was observed. The average time
between lightning jump occurrence and an updraft enhancement in the mixed-phase
region for all three supercells was 11.8 minutes. This average time is in agreement
with the results found in Schultz et al. (2017), falling between 4 and 13 minutes. Four
lowest level maximum absolute downdraft enhancements of -10.0 m s

1

or greater oc-

curred in the FFD and RFD regions between all three case studies. Each of these
initial maximum absolute enhancements of -10.0 m s

1

or greater occurred prior to a

lightning dive, ranging from 10 to 30 minutes. Weaker maximum absolute downdraft
enhancements less than -10.0 m s

1

were also identified prior and simultaneously to

lightning dive occurrence. Lightning dives also occurred between 10 and 20 minutes
after a decrease in maximum updraft velocities in the mixed-phase region. The average time between lightning dive occurrence and a decrease in mixed-phase updraft
magnitudes was 14.0 minutes.
Two severe weather reports were recorded between the IOP3 tornadic and
IOP6 nontornadic supercell duration. An EF-2 rated tornado developed 16 minutes
after the generation of a lightning jump, 10 minutes after the generation of a lightning
dive, and 11 minutes after an increase in maximum absolute RFD velocities. The 5060 mph damaging wind report occurred 18 minutes after the generation of a lightning
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jump, 4 minutes prior to the generation of a lightning dive, and 16 minutes after
consecutive 1.0 km maximum absolute RFD velocities greater than -10.0 m s 1 .
Distinct downdraft trends were observed between the tornadic and nontornadic supercells. Maximum absolute RFD magnitudes were noticeably larger in the
nontornadic supercells than the tornadic supercell. The IOP3 nontornadic and IOP6
nontornadic low-level maximum absolute RFD magnitudes were -15.2 m s

1

and -17.9

m s 1 , respectively, whereas the low-level maximum absolute RFD magnitude was -6.8
ms

1

30 minutes prior to tornadogenesis for the IOP3 tornadic supercell. An opposite

trend was evident in maximum absolute FFD velocities. The IOP3 tornadic supercell
experienced the largest low-level maximum absolute FFD magnitudes of -14.0 m s 1 ,
while the IOP3 nontornadic and IOP6 nontornadic supercells observed maximum
absolute low-level FFD magnitudes of -8.4 m s

1

and -8.1 m s 1 , respectively.

Similar to the findings by Kumjian and Ryzhkov (2008a) and French et al.
(2015), the nontornadic supercells experienced larger median ZDR hook echo values
than the tornadic supercell. The smallest median ZDR hook echo values were observed
in the IOP3 tornadic supercell, with an averaged median ZDR hook echo values of 0.7
dB 30 minutes prior to tornadogenesis. Larger averaged median ZDR hook echo values
of 1.5 and 1.8 dB were found during the tornado warning period in the nontornadic
supercells for IOP3 and IOP6, respectively.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

The purpose of this study was to identify lightning, kinematic, and microphysical properties on a physical process based relative to tornadic and nontornadic
supercells using a unique dataset acquired from the 2016 VORTEX-SE field campaign. A total of 3 supercell case studies were analyzed during the evolution in the
NALMA network and dual-Doppler lobes, with two primary objectives. The first goal
was to identify rapid total lightning decreases in supercells and how it correlates to
downdraft fluctuations. This includes developing a “ 2 ” lightning dive algorithm
and wind synthesis using dual-Doppler between radars varying in wavelength (S-, C-,
X-band).
A total of four lightning dives were triggered during dual-Doppler wind synthesis periods. After an initial maximum absolute downdraft enhancement greater
than or equal to -10.0 m s 1 , a lightning dive followed in each case study, ranging from
10 to 30 minutes. Forecasters may be able to use the presence of a lightning dive
to identify supercells previously experiencing an enhanced downdraft based on these
results. Lightning dives also correlated to decreases in maximum updraft magnitudes
in the mixed-phase region of the supercell. The average time between weakening up-
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draft velocities in the mixed-phase and a lightning dive was 14.0 minutes. Knowledge
of a downdraft enhancement or a weakening updraft can add nowcasting confidence
in supercell severe weather production, as well as validating severe weather reports.
Lightning dives can further add confidence to “tip the scales” on severe weather production, as 75% of the lightning dives occurred within 20 minutes after a lightning
jump was identified. Lightning jumps indicate a strengthening updraft and often
occur 4 to 13 minutes after a maximum in updraft velocities (Schultz et al. 2015;
Schultz et al. 2017). The average observed time of 11.8 minutes between lightning
jump occurrence and a mixed-phase updraft enhancement found in this study is in
agreement with the findings in Schultz et al. (2017). A lightning jump followed by a
lightning dive could be used to identify cyclic kinematic motions of updraft and downdraft interactions occurring in supercells that could favor severe weather production.
The presence of a lightning dive cannot distinguish between severe weather threats or
be used to issue a particular severe weather warning. Also, lightning dives may not
di↵erentiate between which low-level downdraft is enhancing or if the mixed-phase
updraft is weakening in the supercell. A FFD enhancement would be expected to
have a more direct relationship to lightning dives because of the advection of graupel and ice crystal collisions into the FFD. In all three case studies, the FFD region
experienced the majority of lightning initiation sources. However, a possible indirect
relationship may exist between RFD enhancements and lightning dives. Forecasters
must not solely rely on the presence of a lightning dive to indicate downdraft dominated storms, as supercells can experience limited decreases in lightning flash rates
prior to severe weather events.
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The other primary goal of this study was to distinguish supercell tornadic
potential from hook echo microphysical properties and inferred RFD velocities. Nontornadic supercells were associated with larger median ZDR hook echo values during
the tornado warning period than the tornadic supercell 30 minutes prior to tornadogenesis. This signature was observed in previous studies and has been suggested that
evaporative cooling could be responsible for larger median drop size distributions in
nontornadic supercells (Kumjian and Ryzhkov 2008b; French et al. 2015). Stronger
maximum RFD vertical velocities were also derived in the nontornadic supercells,
suggesting larger evaporative cooling rates may be occurring creating more negative buoyancy. Enhanced evaporative cooling rates will deplete smaller drops found
in the hook echo, leaving larger median ZDR values. With the addition of derived
RFD magnitudes from dual-Doppler analysis, this study adds further confidence that
nontornadic supercells experience larger median drop size distributions in the hook
echo potentially due to larger rates of evaporative cooling or melting. This signature
has now been observed in Oklahoma and Alabama, reducing the regional bias observation of this signature in supercells. Forecasters can give preference to supercells
with smaller median ZDR hook echo values when issuing tornado warnings. However,
all supercell hook echoes need to be considered due to variations in tornadogenesis
processes.
Despite MAX attenuation issues, the tornadic supercell experienced significantly larger absolute maximum FFD velocities than both nontornadic supercells.
Stronger downward velocities could influence the production of vertical vorticity along
the inflow region of the FFD. Once formed, these areas of vertical vorticity would
66

continue to transition southeastward into the mesocyclone, influencing tornadogenesis processes. Modeling and observational studies have documented these vertical
vorticity sheets developing from the FFD outflow and being an intensification source
of low-level circulation (Dowell and Bluestein 2002; Orf et al. 2017).
The microphysical and kinematic findings found in this research are promising as they are in general agreement found in previous lightning, kinematic, and
microphysical studies related to tornadogenesis and severe weather production. Distinguishing between tornadic and nontornadic supercells still remains a difficult challenge and could still remain as a “Goldilocks” problem. This study provides further
insight into the complex physical processes leading to tornadogenesis; however more
work must be done with a larger amount of case studies to completely understand
mechanisms favorable of tornadogenesis development in supercells.

5.1

Future Work
This is one of the first studies to relate fluctuations in rapid decreases in

lightning flash rates, dual-Doppler kinematic motions, and dual-polarization radar
hook echo properties. Further, a larger, more robust sample size for case analysis is
needed to verify these trends for understanding tornadogenesis processes and operational algorithm use. The difficulty of that is capturing the evolution of a supercell
in a dual-Doppler lobe and a lightning mapping array domain. Development of more
cases may arise as potential phases are added to VORTEX-SE in the near future.
The addition of more radars to future VORTEX-SE field campaigns will increase
the likelihood of a supercell evolving in a dual-Doppler lobe capturing vertical mo67

tion interactions, as well as decreasing the radar baseline distance. Smaller radar
baselines can provide sufficient low-level sampling for more accurate measurements
of downdraft magnitudes using an upward integration in Dual-Doppler analysis.
With the successful launch of the Geostationary Lightning Mapper (GLM) on
the Geostationary Operational Environmental Satellite-16 Series (GOES-16) spacecraft, total lightning flash rates can be continuously observed across the Americas
(Goodman et al. 2013). GLM will provide the ability to observe and validate the role
of lightning dives in all types of storm structures. This instrument will also allow the
ability to expand the VORTEX-SE domain outside of the NALMA network to study
areas in the southeast more favorable of producing supercells.
Disdrometer data would provide valuable information on drop size distributions and validation of measured ZDR values in radar hook echoes. Exact drop size
distributions are not retrieved with radar since ZDR is a reflectivity weighted mean
of all hydrometeors in a volume. The difficulty of using disdrometers is the limited
mobility to intersect storms, specifically in the hook echo region. Multiple disdrometers would need to be deployed to have the highest probability of measuring drop
size distributions in a hook echo. In situ hydrometeor measurements are also needed
to understand physical processes occurring in the RFD region of the supercell. Disdrometer data and radar modeling of hydrometeor profiles are needed to understand
if evaporative cooling or melting processes lead to larger drop size distributions within
the hook echo region of the supercell.
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against melting hail: calculation of specific di↵erential attenuation, phase and reflectivity. Electron Lett., 51, 1140–1142.
Trapp, R. J., 1999: Observations of nontornadic low-level mesocyclones and attendant
tornadogenesis failure during vortex. Mon. Wea. Rev., 127, 1693–1705.
Trapp, R. J., G. J. Stumpf, and K. L. Manross, 2005: A reassessment of the percentage
of tornadic mesocyclones. Wea. Forecasting, 20, 680–687.
Wakimoto, R. M. and C. Liu, 1998: The Garden City, Kansas, storm during VORTEX
95. Part II: The wall cloud and tornado. Mon. Wea. Rev., 126, 393–408.
Wicker, L. J. and R. B. Wilhelmson, 1995: Simulation and analysis of tornado development and decay within a three-dimensional supercell thunderstorm. J. Atmos.
Sci., 52, 2675–2703.
Wiens, K. C., S. A. Rutledge, and S. A. Tessendorf, 2005: The 29 June 2000 supercell
observed during STEPS. Part ii: Lightning and charge structure. J. Atmos. Sci.,
51, 4151–4177, doi:10.1175/JAS3615.1.
Williams, E., M. E. Weber, and R. E. Orville, 1989: Relationship between lightning
type and convective state of thunderclouds. J. Geophys. Res., 94, 13 213–13 220.
Williams, E., et al., 1999: The behavior of total lightning activity in severe Florida
thunderstorms. Atmos. Res., 51, 245–265.
Wingo, S. M. and K. R. Knupp, 2016: Kinematic structure of mesovortices in the
eyewall of Hurricane Ike (2008) derived from ground-based dual-Doppler analysis.
Mon. Wea. Rev., 144, 4245–4263.
Wurman, J., D. Dowell, Y. Richardson, P. Markowski, E. Rasmussen, D. Burgess,
L. Wicker, and H. Bluestein, 2012: The second Verification of the Origins of Rotation in Tornadoes Experiment. Bull. Amer. Meteor. Soc., 93, 1147–1170, doi:
10.1175/BAMS-D-11-00010.1.

78

